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Edited by Takashi GojoboriAbstract Synonymous codon usage analysis between thermo-
philic and mesophilic prokaryotes has gained wide attention in
recent years. Although it is known that thermophilic and meso-
philic prokaryotes use diﬀerent subset of synonymous codons,
no reason for this diﬀerence is known so far. In the present com-
munication, by analyzing a large number of thermophilic and
mesophilic prokaryotes, we provide evidence that bias in the
selection of synonymous codons between thermophilic and meso-
philic prokaryotes is related to diﬀerential folding pattern of
mRNA secondary structures. Moreover, we observe that error-
minimizing property has signiﬁcant inﬂuence in diﬀerentiating
the synonymous codon usage between thermophilic and meso-
philic prokaryotes. Biological implications of these results are
discussed.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Non-random usages of synonymous codons both within and
between organisms are well documented in the literature [1–3].
Diﬀerence in synonymous codon usage may arise from various
factors. It has been reported that mutational bias and/or selec-
tive forces are the main driving force for the variation of syn-
onymous codon usage among genes in diﬀerent organisms [4–
9]. Variation in synonymous codon usage among genes from
the same organism has been shown to depend on many param-
eters, including expression level [1,3,10], amino acid composi-
tion [11–14], gene length [15,16], mRNA structure [17–19],
and protein level noise [20]. Global forces can also diﬀerentiate
the synonymous codon usage between diﬀerent organisms, e.g.
an organism’s optimal growth temperature inﬂuences the co-
don usage of its genes [21]. Most of these global forces are
thought to be mutational, acting on all DNA sequences,
although it has also been argued that growth temperature ex-
erts a selective force on mRNA structure [22] and on codon
bias [21].
It has been suggested that biased codon usage due to natu-
ral selection could enhance the translational eﬃciency of pro-*Corresponding author. Fax: +91 33 2355 3886.
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of the diﬀerential speed of translation of mRNA [23] and
topological features of the encoded proteins [24]. Transla-
tional eﬃciency has two interrelated factors: translational
speed and accuracy. Both these factors are inﬂuenced by co-
don usage, and it is diﬃcult to separate the eﬀects of codon
usage on each [5,25]. In bacteria and yeast, the correspon-
dence of tRNA abundance with the genome codon usage indi-
cates that high-level expression results in the depletion of
internal tRNA pools. Consequently, the translation of an
unbiased mRNA is delayed. Most abnormal translation oc-
curs during the waiting time for the ‘‘search’’ for the ternary
complex (aminoacyl-tRNA-elongation factor Tu-GTP in bac-
teria) that matches the codon being translated; the longer the
waiting time, the higher the probability of abnormality [26,27].
Hence genes translated rapidly are also translated more accu-
rately.
Recently it has been reported that thermophilic organisms
have a diﬀerent pattern of synonymous codon usage compared
to mesophilic organisms [21]. However, no obvious explana-
tion has ever been proposed for the selective advantage of cer-
tain codons among other synonymous alternatives under high
temperature conditions. It was speculated that synonymous
codon usage diﬀerence between thermophilic and mesophilic
prokaryotes might be related to the mRNA stability [21], i.e.,
thermodynamically more stable mRNA secondary structure
having minimum free energy. The expression level of genes
has also been shown to be dependent on RNA secondary
structure [28]. However, it was argued that, within the cell,
co-transcriptional folding is important in controlling the speed
of transcription and thereby inﬂuencing both the folding path-
way and the functional secondary structure of the mRNA mol-
ecule [29]. It has also been demonstrated that RNA sequences
can simultaneously encode functional RNA structures as well
as proteins and can be analysed through RNA-Decoder [30].
Apart from this, studies on noncoding RNA (ncRNA) genes
producing functional RNAs instead of encoding proteins has
become more common than previously thought [31].
In the present work, we investigated the variation of free
folding energy of original and randomized transcripts of a
large number of genomic sequences to assess the inﬂuence of
mRNA stability on the synonymous codon usage diﬀerence be-
tween thermophilic and mesophilic prokaryotes. Since the ge-
netic code is degenerate, most amino acids are encoded by
several synonymous codons. The theory of error minimization
for the evolution of the genetic codes postulates that the co-
dons are arranged in the code in a way that reduces errors.
We analyzed the inﬂuence of error-minimizing property ofblished by Elsevier B.V. All rights reserved.
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usage of thermophilic and mesophilic prokaryotes.Fig. 1. (a) Positions of the genomes along the ﬁrst two major axes in
the correspondence analysis based on relative synonymous codon
usage (RSCU) of all the thermophilic and mesophilic genomes taken
in this study. Each square corresponds to one thermophilic genome
and each triangle corresponds to one mesophilic genome. (b)
Positions of the genomes along the ﬁrst two major axes in the
correspondence analysis based on codon usage of all the thermophilic
and mesophilic genomes taken in this study. Each square represents
one thermophilic genome and each triangle represents one mesophilic
genome.2. Materials and methods
The complete genome sequences of all the 37 microorganisms have
been downloaded from ftp.ncbi.nlm.nih.gov/genbank/genomes. These
genomes have been chosen in such a way as to include a wide variation
in genomic G + C content and optimal growth temperature. The same
criteria were previously used for synonymous codon usage analysis be-
tween thermophilic and mesophilic prokaryotes [21]. Correspondence
analysis [32] available in CodonW 1.4.2 (J. Peden, 2000; http://
www.molbiol.ox.ac.uk/cu/) was used to investigate the major trend in
relative synonymous codon usage variation among the genes. For each
native mRNA sequence, 60 random sequences were generated using
the randomization protocols, CodonShuﬄe and DicodonShuﬄe [33].
The CodonShuﬄe protocol randomly permutes synonymous codons
in codon degenerate family, preserving the exact count of each codon
and order of encoded amino acids as in the original transcript. In this
protocol, the dinucleotide composition at the (1,2) and (2,3) positions
of codons (ﬁrst/second bases and second/third codon bases, respec-
tively) of the native sequence is preserved, because it preserves codon
usage. However, it does not preserve the dinucleotide composition at
(3,1) positions; that is, dinucleotides formed by the last base of one co-
don and the ﬁrst base of the next. The DicodonShuﬄe algorithm pre-
serves the dinucleotide composition at (3,1), (1,2), and (2,3) positions,
as well as the same encoded amino acid sequence and codon usage of
the native mRNA. The important idea of this algorithm is to make
only those synonymous codon swaps which either preserve (3,1) dinu-
cleotide composition by themselves, or which can be paired with an-
other reciprocal synonymous codon swap, such that simultaneous
swapping of both codon pairs results in no net change in the (3,1)
dinucleotide composition. The diﬀerence between the two shuﬄing
procedures is that while CodonShuﬄe protocol preserves dinucleotide
composition at the (1,2) and (2,3) positions, the DicodonShuﬄe algo-
rithm preserves the dinucleotide composition at (3,1), (1,2), and (2,3).
The mfold program was used to predict free folding energies for each
native mRNA sequence and the corresponding shuﬄed sequence avail-
able at http://www.bioinfo.rpi.edu/applications/mfold/old/rna/for-
m4.cgi. The diﬀerence in the free energy of folding between the native
sequence and the corresponding random sequences was measured by
the Z-score, given by Z-score = {Enative  ÆErandomæ}/STD, where
Enative denotes the folding free energy of native mRNA sequence,
ÆErandomæ denotes the average folding free energy over a large number
of randomized sequences generated from the native sequence and
STD denotes its standard deviation. A positive Z-score indicates that
the native sequence has a higher folding free energy than the average
of the randomized sequences and therefore is thought to have a less sta-
ble secondary structure compared to that for the random sequence.
The degree of error minimization for each genome has been calcu-
lated using the method suggested by Archetti [34]. For each pair of
amino acids, we measured DAA=AA ¼ xAA=AA  xAA=AA from
McLachlan’s matrix of chemical similarity [35], where xAA/AA is the
similarity of amino acid AA with itself and xAA=AA is the similarity
of AA to the mutant amino acid AA*, produced after an error is
introduced at one of the three positions of the original codon. Thus
DAA=AA is the distance (dissimilarity) between the original (AA) and
the mutant (AA*) amino acids. There are three possible mutants for
each codon position and hence there are nine measures of DAA=AA
for each codon. Their mean value is taken as a measure of distance
(dissimilarity) between the original codon and its possible mutants.
This measure is called the mean distance (MD). According to this
method proposed by Archetti [34], we have calculated the mean dis-
tance (MD) for each synonymous codon based on the McLachlan’s
[35] matrix of chemical similarity. To calculate the degree of error min-
imization of a coding sequence, the correlation between the MD values
and the corresponding codon frequencies (RSCU) is calculated for
each synonymous family. If N is the number of degenerate synony-
mous codon families on which the correlation is calculated and R is
the sum of the correlations, the degree of error minimization is mea-
sured by RN = R/N (RN ranging between 1 and 1). Since MD is a
measure of dissimilarity, the lower the value of RN, the higher the de-
gree of error minimization.3. Results and discussion
3.1. Synonymous codon usage variation between thermophilic
and mesophilic prokaryotes
Correspondence analysis on relative synonymous codon
usage (RSCU) was performed by combining all the genes of
an individual genome taken in this study. Similar to the obser-
vation made by Lynn et al. [21], we also found that thermo-
philic and mesophilic genes are completely separated along
the second major axes on the basis of RSCU (Fig. 1a). The
analysis of relative synonymous codon usage may not detect
any constraint imposed by amino acid composition [36]. To
examine if amino acid compositions exert any constraint on
synonymous codon usage we also performed correspondence
analysis on codon usage. The positions of genes along the ﬁrst
and the second major axes produced by correspondence anal-
ysis on codon usage (Fig. 1b) are very similar to the ﬁgure pro-
duced by correspondence analysis on RSCU values (Fig. 1a).
Thus it is evident that amino acid composition does not exert
any constraint in separating genes according to their synony-
mous codon usage.
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energy
Pervasiveness in synonymous codon usage diﬀerence in all
the synonymous groups between thermophilic and mesophilic
microorganisms led to speculate Lynn et al. [21] to search
for some general property of the mRNAs, e.g. selection for in-
creased mRNA stability at high temperatures. In the present
work, we have used free folding energy data to investigate
the role of mRNA folding stability in diﬀerentiating synony-
mous codon usage between thermophilic and mesophilic pro-
karyotes. As it is known that mRNA free folding energy is
greatly inﬂuenced by sequence length [37,38], we calculated
the average free folding energy of all the coding sequences,
normalized with respect to gene length (Table 1). Regression
analysis shows signiﬁcant correlations between the normalized
free folding energy (FFE, see Table 1) with the position of each
genome along the second major axis (q = 0.667, p = 0.00012),
as well as between the normalized free folding energy with
optimal growth temperatures of each genome (q = 0.715,
p = 0.00017). The signiﬁcant positive correlation between nor-
malized free folding energy and optimal growth temperatures
signiﬁes that natural selection unambiguously prefers less ener-
getically stable mRNA transcripts at high growth tempera-
tures.
Previous studies providing evidence for selection on mRNA
structure have employed a randomization protocol that shuf-
ﬂes synonymous codons to generate numerous simulants
[37]. We therefore randomized all the coding sequences using
CodonShuﬄe and DicodonShuﬄe [33] and calculated corre-
sponding Z-scores for each coding sequence. The average Z-
score for each genome, obtained using CodonShuﬄe (Table
1), was found to be signiﬁcantly correlated with the positions
of the genomes along the second major axis (q =  0.375,
p = 0.022) and with optimal growth temperatures for each gen-
ome (q = 0.440, p = 0.006). A negative Z-score indicates that
the native sequence has a lower folding free energy than that of
the average of the random sequences, and is therefore thought
to have more stable secondary structure than those of random
sequences.
The correlation coeﬃcients reported above are always statis-
tically signiﬁcant. However, in the ﬁrst case it is positive and in
the latter case (with shuﬄed sequences) it is negative. The po-
sitive correlation coeﬃcient between normalized free folding
energy and optimal growth temperatures indicates the prefer-
ence for less energetically stable mRNA transcripts at high
growth temperature, thereby facilitating translation at high
temperature [39]. Again, the negative correlation coeﬃcients
observed from the CodonShuﬄe randomization procedure
indicates the presence of stronger selective constraints to main-
tain mRNA secondary structure with the increase in optimal
growth temperature.
The above results clearly suggest that the diﬀerential usage
of synonymous codons between thermophilic and mesophilic
prokaryotes is indeed a result of selection to form secondary
structures. The signiﬁcant negative correlation between
Z-score (based on CodonShuﬄe) and optimal growth temper-
atures suggests that biases towards the potential formation of
mRNA secondary structures is likely to increase at higher
growth temperatures.
Seﬀens and Digby [37] reported that the free energy of
folding of native mRNAs are lower than those of random-
ized sequences. Later, Workman and Krogh [40] demon-strated the importance of dinucleotide compositions and
proposed that the stability of RNA secondary structure de-
pends on dinucleotide base stacking energies. In the present
work, a signiﬁcant correlation was observed between the
Z-score and the optimal growth temperature when Z-score
was calculated on the basis of CodonShuﬄe. On the other
hand, no signiﬁcant correlation was observed when Z-score
was calculated using DicodonShuﬄe. The CodonShuﬄe pro-
tocol preserves the dinucleotide compositions at the (1,2)
and (2,3) positions of codons but not at the (3,1) positions.
On the other hand, the DicodonShuﬄe algorithm preserves
the dinucleotide compositions at (3,1), (1,2), and (2,3) posi-
tions. The essential idea of the latter algorithm is to make
only those synonymous codon swaps which either preserve
the (3,1) dinucleotide composition by themselves, or which
can be paired with another reciprocal synonymous codon
swap, such that simultaneous swapping of both codon pairs
results in no net change in the (3,1) dinucleotide composition
[33].
Dinucleotide composition has been known to be correlated
with adaptation to higher temperatures [41]. This work further
suggests that the variations of dinucleotide composition in the
(3,1) position are specially important for adaptation to higher
growth temperatures.
It is worth mentioning that most of the existing computa-
tional methods (including the one used in the present study)
aim at predicting thermodynamically more stable mRNA sec-
ondary structures. These methods do not consider co-tran-
scriptional folding which may regulate the transcriptional
speed and thereby inﬂuence both the folding pathway and
the functional secondary structure of the mRNA molecule.
Some authors [29,42] argued that within the cell, RNA mol-
ecules emerge sequentially during the directed process of
transcription. Thus, co-transcriptional folding may play an
important role in the formation of functional RNA struc-
tures. Current algorithms for RNA secondary structure pre-
diction must therefore be improved by adopting co-
transcriptional folding as an essential component of the pre-
diction process.3.3. Synonymous codon usage and error-minimizing capacity
between thermophilic and mesophilic prokaryotes
It was shown that synonymous codon usage bias may be
responsible for minimization of the impact of errors at the pro-
tein level [34]. We calculated the mean distance (MD) for each
synonymous codon and the degree of error minimization (also
called genetic robustness) of each genome by taking the cumu-
lative RSCU for each genome (Table 1). Our results show that
genetic robustness is signiﬁcantly correlated with the position
of genes (q = 0.337, p = 0.041) along the second major axis,
and with optimal growth temperatures (q = 0.757, p =
0.0001). As suggested by Archetti [34], a ‘robust’ codon usage
would have a low RN, while an ‘anti-robust’ codon usage
would have a comparatively higher RN. The average values
of RN are signiﬁcantly lower for mesophilic genomes compared
to those for thermophilic genomes (p = 0.034). These results
demonstrate that thermophilic genomes are characterized by
a higher degree of error minimization. This in turn imposes
some selective constraints on the choice of synonymous codons
of thermophilic prokaryotes compared to those of mesophilic
prokaryotes.
Table 1
Growth temperature (C), free folding energy (FFE) (kcal/mol), RN, G + C contents, normalized Z-score for CodonShuﬄe (norZscore) and DicodonShuﬄe (dinorZscore), standard deviation for
CodonShuﬄe (stdZscore) and DicodonShuﬄe (stddiZscore) of 37 prokaryotes and their positions along the ﬁrst and second major axes generated by correspondence analysis on RSCU values
Organism Growth
temperature
(C)
Axis 1 Axis 2 FFE (kcal/mol) G + C
(%)
norZscore dinorZscore stdZscore stddiZscore RN
Buchnera sp. 18 0.685338 0.162663 0.061474509 27.4 6.74E05 1.93E04 3.214367333 2.713214397 0.232796
Synechocystis PCC6803 25 0.086291 0.177688 0.070492106 48.7 2.39E03 1.86E03 2.462315263 2.127301336 0.2701
Xylella fastidiosa 26 0.227616 0.189102 0.122534606 53.9 1.51E04 6.56E+03 3.654161545 3.000426326 0.275168
Bacillus halodurans 30 0.088769 0.145082 0.070121255 44.5 6.10E04 4.62E+05 2.95293918 2.497211148 0.2747
Bacillus subtilis 30 0.011547 0.085214 0.0651804 44.4 5.44E04 3.96E+04 3.055166326 2.784780204 0.267815
Deinococcus radiodurans 30 0.825107 0.090019 0.083368692 67.7 2.67E03 2.65E03 3.109070641 2.937058562 0.268117
Lactococcus lactis 30 0.450076 0.193533 0.058141189 36.3 5.38E06 3.40E04 2.804577922 2.237247045 0.262377
Chlamydophila pneumoniae CWL029 35 0.275437 0.064734 0.044220804 41.4 1.19E04 2.20E05 3.110032596 2.536203263 0.262902
Chlamydophila pneumoniae AR39 35 0.275711 0.064546 0.057436536 41.4 3.50E05 4.19E03 2.852891025 3.214562846 0.26266
Chlamydophila pneumoniae J138 35 0.274609 0.063909 0.044597534 41.5 6.60E05 5.48E04 2.788914224 2.645231085 0.261855
Rickettsia prowazekii 35 0.600639 0.078113 0.035620576 30.5 3.38E05 8.16E04 2.332701502 3.018962382 0.009656
Borrelia burgdorferi 37 0.579985 0.109671 0.038201475 28.9 4.66E04 7.15E+03 2.357619495 1.619482477 0.151193
Campylobacter jejuni 37 0.579559 0.082095 0.040345661 30.9 7.13E04 3.21E03 2.34386133 2.945287524 0.110905
Chlamydia trachomatis 37 0.290764 0.109049 0.042257929 41.8 1.84E04 7.87E04 2.70916352 2.035018446 0.283306
Chlamydia muridarum 37 0.406722 0.026096 0.036938921 36.3 2.37E03 5.35E03 2.119752736 1.956734522 0.19167
Escherichia coli K12 37 0.271793 0.267391 0.05589897 52 9.03E04 5.37E+05 3.11323021 2.954605336 0.02499
Escherichia coli 0157 37 0.256488 0.24656 0.063160144 51.8 8.13E04 5.98E+02 3.109849833 2.773916321 0.0271
Halobacterium sp. 37 0.882278 0.026681 0.094131783 68.8 1.72E03 5.51E+05 3.72866968 3.166091401 0.04871
Haemophilus inﬂuenzae 37 0.333331 0.344586 0.043056292 38.9 2.43E04 4.56E+05 2.580956352 2.08645231 0.026147
Helicobacter pylori 26695 37 0.110874 0.086989 0.049856929 39.7 5.71E04 6.54E+05 2.731187653 1.793487216 0.130595
Helicobacter pylori J99 37 0.099674 0.086589 0.042114264 40 5.02E04 4.23E+06 2.768214397 2.562018743 0.129268
Mycobacterium tuberculosis 37 0.725569 0.102118 0.075750458 66.1 3.72E04 2.84E04 3.092753673 2.779566942 0.0798
Neisseria meningitidis MC58 37 0.404226 0.206598 0.068065128 53.2 2.00E04 6.79E+05 2.100890255 2.376289472 0.092468
Neisseria meningitidis Z2491 37 0.420602 0.211409 0.066018905 53.5 8.73E04 1.74E+03 3.287156343 2.917642065 0.090784
Pseudomonas aeruginosa 37 0.930605 0.115098 0.06492576 67.3 2.13E03 2.91E+05 2.873451093 2.356916343 0.10062
Pasteurella muetocida 37 0.229262 0.348473 0.039425164 41.2 1.39E04 9.14E03 2.543892014 3.298364525 0.030183
Treponema pallidum 37 0.150158 0.088824 0.069522057 52.7 3.55E04 1.50E03 2.612042318 2.456938688 0.05784
Vibrio cholerae 37 0.080401 0.277779 0.066287665 48.4 5.69E04 4.79E+04 2.807153829 2.421763017 0.01889
Thermplasma acidophilum 59 0.15431 0.392311 0.017866943 47.4 3.22E04 1.05E03 1.801634291 1.594944292 0.15642
Methanobacterium thermoautotrophicum 65 0.158266 0.506104 0.012823339 50.7 5.91E04 4.75E+05 0.976103413 1.408533559 0.10432
Thermotoga maritima 80 0.073407 0.325374 0.000887921 46.5 3.61E04 8.27E+05 0.876128107 0.914089547 0.081107
Archaeoglobus fulgidus 85 0.165559 0.446705 0.003609709 49.5 3.86E05 7.41E+02 1.00857242 0.819944562 0.007092
Methanococcus jannaschii 85 0.597154 0.220531 0.008237348 32 5.52E04 3.45E+03 1.002961257 0.808314916 0.125776
Aeropyrum pernix 90 0.311097 0.473189 0.002936277 57.7 3.51E04 5.03E+02 0.720917527 1.052142174 0.13853
Aquifex aeolicus 95 0.012052 0.490887 0.008224861 43.8 2.82E04 2.20E+05 0.617382902 0.683125131 0.11424
Pyrococcus horikoshii 95 0.181208 0.423551 0.010044241 42.4 4.65E04 8.84E04 0.762916219 0.678132709 0.1013
Pyrococcus abyssi 97 0.041062 0.500424 0.009114257 45.3 6.91E04 1.16E04 0.600039816 0.608869033 0.0799
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In the present study we explored the role of translational
selection in distinguishing synonymous codon usage variation
between thermophilic and mesophilic prokaryotes. Several
authors have pointed out that the translational selection
hypothesis for explaining synonymous codon usage diﬀerence
is not completely satisfactory [28,43–46]. For example, pre-
ferred synonymous codons among thermophiles are diﬃcult
to explain by a simple tRNA pool mirroring pattern of codon
usage. These authors suggest that mRNA stability and codon
usage are equilibrated, so that diﬀerence in mRNA stability
due to diﬀerence in codon usage might be selected because sec-
ondary structure can aﬀect translatability. The two interrelated
eﬀects of translational eﬃciency, e.g., translational speed and
accuracy, have been considered in this study to investigate
their inﬂuence on synonymous codon usage of thermophilic
and mesophilic prokaryotes. We observed that both the factors
have signiﬁcant contribution in diﬀerentiating synonymous co-
don usage between the two groups. Thus we conclude that
selective constraints for mRNA secondary structural stability
and higher degree of error minimization at the protein level
for thermophilic bacteria are the most important evolutionary
forces in diﬀerentiating synonymous codon usage between the
thermophilic and mesophilic prokaryotes.
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